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Abstract. (;eodctic  obscrvatioIls  of llIe JaIIuary  Z), 1994 M 5.1 aftershock to the

Northridge  earthquake arc collsistc[lt  with scisll~ic solutions showirlg  left-lateral obliclue

sliIJ 011 a tlortheast-southwest  striking steeply  di~)pillg  fault . ‘1’llirty  sccolld  solutions

of the data froln  the statio]l  sllowil+j tllc  Iilaxi[nunl  observed displacement (35 m[n)

iIldicatc no precursor allcl no imInccliatc  post-  scisn)ic  IllotioIl to the aftershock. ‘J’hc

after st~ock does appear to hc super  iln~)oscd  OVCI tile  ]oIIge I’ tcrlll Nortl]ridge  }Jost-seismic

clcforrnation  fielcl.  Inversions of the clata yield a pote[lcy of 2.6 + 0.3 x 10–3km3 implyiIg

a rigidity of 1.9 + 0.2 x 10]ldyIle/cm 2 . ‘I1hc geodetically dctenninecl  rigiclity  is consistent,

with rigidity determined froln P and S wave velocities of the area.
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Introduction

‘J’hc h4W 6.7 Nortllridgc  earthquake occurred oIl ,Ialluary  1 ‘7, 1994 at 4:31 am in t]lc

dcI]sely  populated San }“clnanclo  Valley  [.J07Lcs ct al., 1 994]. ‘1’hc earthquake rupturecl

a soutl-cli{)pi[lg  thrust fault frolll a depth of 18 kill IIorthward  into the Santa Susana

L’foulltains  to a depth of 5 kl[l. Several large  aftershocks occurred ill tllc two days

followillg  the earthquake ancl the aftershock squeIlcc  decayed in a normal lllallller  with

tinle [Jlauk.sson  et al., 1 995]. ‘1’wo M >5 aftershocks occurred later in the sccIucIlce, a

M 5.1 011 January 29, 1994 ill the Santa Susana Moutltai[ls,  allcl a hf 5.2011 Nlarch  20,

1994 under  the San ~~crnanclo  Valley.

‘1’he first  aftershock (January 29, 1994) was very shallow bad on first  motion

meclla I1islns,  occurring at a de~)tll of 1.59 kIn [}lauksson  C( al., 1 995].  ‘1’hc mcchanisln

S11OLVS prilllarily  left  lateral lnotioll  with a slnall  norlnal  component, to it on a nearly

\’crtical  north-clipping fault (’1’able 1 ). ‘J’llc  plane  strikes northeast-southwest and was mml

located  at the northwest corner of t~le Northridgc  Iupturc!  zone and aftershock sequence.

‘1’he scc.olld aftershock sllowd oblique left-lateral tllrusti)lg  on a soutll-di~Jpilig  fault

14 .6s km Clcwp.

Gl)S  ciata  were being collected at statiolls  Ilear tile  q)icentcrs  of both of these

aftershocks when they occurd (1’igurc  1). We scc significant offsets in the {;l)S clata LFigure 1

for the shallow  first aftershock (Jatluary  29) ant{ no detectable  motion from the deeper

second aftershock (h4arch  20). Results froln  ti{e G1’S data enable  us to put constraints

011 tile  mectlanisnl  of tllc  January

rigidity ill tile region  of the evclltj.

Geodetic Observations

29 aftershock and also place bouncls  olL the crustal

\\’c a]lalyzd  t h e  (;l)S d a t a  usil)g CII’S}’/0ASlS II [Zun/6crgc  cl nl., 1!497] i[l 24

I)ollr solut.io[ls. Sillcc  wc saw 1]0 (Ietectal)l(’  IIlotioll for tllc  hlarcll  20 a f t e r s h o c k  tvc d id

‘)()  afterstlock  tvc atlalyzdIIOt I)urs IIr f(lrttler  analysis  o f  Lllose (Iata.  h’or ttl(’ Jallllaty  -.
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t,]lc data ill approxilnat,e  12 hollr  solut ions before a!ld after the (’ZII~tlCIUtLkC’  for the

day of the earthquake and also ill 30 SCCOIICI solut, ions for the statio[l SAl~I+;.  We fixed

alilhiguities  ancl transforlned  tllc  data suc.tl  that far-field fiducial stations (Golclstone,

I]arvest,  Quincy, and Vandenberg) snowed no offset or scatter during  the time pcriocf.

The tilne series  of the data show of~sets near the epicenter of the aftcmhock  alld

little xnotioll ill the far field  (1’’igurc 2). Iloth  I,NC;I1  al~d SAII’K sho}v  a drift tl]rough  the

tilnc series  that is most likely attributable to post-seismic rnotioli  from the Northriclge

mainshock.  CSUN and I, NC II, located southeast of the event, show offsets to the cast

and JP1, shows a large offset to the south and a smaller offset to the west. It appears

that at station SAFE the post-seismic and coscislllic  l~]otions result froltl  t}lc same stress

fidd.  J1)I,M  located nearly 50 k[ll  frolll  the aftershock shows ncg]igiblc  motion during

the entire  time period and also tile  clay of tile  e\rcllt. ‘1’0 calculate the station offsets

(’I’al)lc  2) we opted to use clata fro*ll  just the day of the cvc*lt  i,, order to mi*,i*nize error

froln bot}~ daily scatter ancl pc)st-seismic tratlsicrlt  lnotions.

‘J’lle Ilorth offset of SAF’It is large enough to sliow LIp in 30 second  kinematic

solutiolls.  TL’c calculated 30 secollcl  solutions for this statiorl  on the clay of the aftershock

to look for either pre-  nor post-seismic motio[ls. Although the scatter in these  solutions

is about 1 cm it is clear that the clata show only a step at the time of the earthcluake

(1’igure  3). Neither prc-  or post-seislnic  motions  are observable. Over a longer  time [Figure 31—
period  it appears as if a prc-scisrnic signal  on tile  order  of about 7 mm may have

occ LIrrd, but the signal  is oIIly Inargillal  at best.

the clata for the best fitjtillg  falllt  paralllcters  a[ld found the resul ts  to
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dcpt]l,  length, a[ld width  for the final i[lversiorl. f“or various illtf~l[[ltJ(liat  cill\’crsiolls  we

fourld  that the location  of tllc  faLllt  arid ttlestrikca]ld  dil) did Ilot va ry  subs t an t i a l ly .

‘1’lIc f a u l t  dimcmsiolls  varid l~y a fcw kilot[lcters  arid tllerc \vas sotllc traclcoff  I>etwcen

sli[)  atld fault size.

IIlvcrsions  of G}’S ciata  arc better  suited  for estilnatillg  potcllcy (S  A,  fault s l i p

x fault area) rather than nlolnellt  because for tllc  latter assumptions must  he made

about  the fault rigidity. We cstilnatccl the lnol[lellt  of the earthquake using the moment

magnitude relation MW = 2/310g(M)  – 10.7 [Ilanks  and }ianamori, 1979] nlakitlg  the

assulnption  that MI, H hlW. We thell  estilnatecl tllc  rigidity of the fault usillg  the relation

p =: M/(SA). ‘lhe estimated rigidity of 1.9 + 0.2 x

than typical crustal rigidities.

We compared this value  to rigidities estilnatd

10’’ dyne/cm2 is about 3,50/0 lower

frolll various depth clcpcndent

velocity models for the region  (rl’able 3). We usd tllc relatiolls It = a2 . p/3, w}lere w

A == p, and p = /32 “ p, where & ancl /? are tile  1) and S wave velocit ies  respectively

ancl p is  the rock clensity  [Izay mfl 14Tallacc, 1 995], to estilllate  the rigidity at various

depths, ‘I)he estimated average

1.5 – 2.S x 1011 clyne/c1n2.  ‘1’hc

lower to the northwest near tile

rigidities for the dq)tll  range O 5 km range froln

estimates generally are lligller  to the southeast and

Velltura basil]< ‘l)he average over all of the moclels  for

this depth range is 2.1 + 0.5 X 10*ldyne/cn12 which is within the errors of the rigidity

estimated from the geocletic  Inoclel.  ‘1’he average over m o d e l s  l]-l; , which is  lnore ‘

a~)l)ropriate  to the locatioll  of the aftershock, is 1.9 + 0.3 X 1011dyne/c1n2 for the sal]lc

del)th range, and

Discussion

is nearly identical to the geodetic esti[llatc  of rigidity.

‘[’his rather slnall aft,ersllock  was detectable wit]]  (;1’S Only l)ecallsc  it was so

slla,llow’.  other af[ersllock of sitllilar  s ize wwr(~ de(’1)(’r and  Iv(’rf’ [lot d(’t(’ctal~l(’  wittl  C1)S.

11’or  SLICII  a slllall  aft,crsllock  it is illlportallt  to correct ly (’sl illlalc t Ile fartll(,r  fi(’1(1 of(sets
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ill order to accurately deterlllitlc  tile falllt  diI[lcIlsio[ls. We sce 110 direct precursor or

[)ost-scisI]lic  InotioIl  during  t]le day of LhiS evcllt, but the longer  time, series  (~’’igure  2)

suggest,  that post-  Noxthridgc  aseisIIlic  motiorls  at)d the aftershock rCSpOIICICC]  to the salnc

stress field.  I’art of the strain release occurrecl  in the aftershock wllilc  the remainder

occurred aseisrnically.

I’ror)cr  estinlates  of rigidity arc i[nportant  to cfctcrIlliIling  accurate I]]oIncnts  ancl

lllOI1lC1lt  rates. ‘l’his is in turIl important in assessing seismic hazard. IIoth the seismic

velocity and geodetic potency estimates imply a reducecl  rigidity for the upper crust

comparecl  to the mid- to lowcrust.  3’lIc G1’S results indicate that the rigiclity  of the

fault zone that ruptured in the Jatluary ’29 aftershock CIOCS not vary substantially  from

tl]e xigiclity of tllc surroundiIlg  Inatcrial.
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Figure 1. G1’S statioll  locations (circles) with Incasurccl  (arrows with ellipses) and

II1OC1CICX1 offsets (heavy  arrows), and the locatiolls of the January 17 Illainsllock, al]d

Jalluary  29 and March 20, 1994 aftershocks (open stars). ‘1’hc geodetic location of the

January 29 aftershock is markcc]  by a solid star.

Figure 2. ‘1’itne  series  surrounding the Jalluary 29, 1994 aftershock. I)iamoncls  are for

data collected before  the aftershock and gray squares are for clata  collected after the

aftershock. ‘1’he uncertainties are scaled 1s errors. ‘1’wo solutions are shown on the day

of the aftershock (January 29), one each for the titne period  before and after the evellt.

Note the differing scales  for each c.onlponellt  of motion.

Figure 3. ‘1’hirty secollcl  solutions for the llortll  coll~pollellt  of motioll  at the station

SAII’F;  relative to ~SLJN.
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T a b l e  1 .  Scisr~lic  [/lauksso?\  cl al., 1995] a[lfl  gcocletic

altcrsllock  paratnetcrs
.—— .-

I’aratnetcx Aftershock SollltioIl
--

l)atc

‘J]inlc

],atitude

IJoIlgituclc

Magnitude

l’c)tmcy

hfommt

l)cpth

Stsilm

l)ip

Sli])

I{ake

Strike-slip

l)ip-slip

IK!rlgth

Width

Rigidity

94/01/29

11:20:36

34.305°

–118.577°

5.1

. . .

5.0 x 1023d~IlC - CIll

1.59 km

240°

80°

. . .

–20°

. . .

. . .

. . .

. . .

. . .

. . .

. . .

34.334°

–118.604°

. . .

2.6 + 0.3 X 10--3k[n3

. . .

7.2 kill

239+1°

86 i 0.003°

74 * 4811111)

-61 +31°

35 +: 37111111

–65 + 51111111

5.0 km

7.3 IilIl

].~ + 0.2 X lol]dyIIC  “ CIII



T a b l e  2.  Statiorl of[scts ill It][]l usml for tllc i[lvcrsiol\s.  Itrrors  are scalccl 1 a

Station North

(3 SUN 1.4 +2.8 0.6 +4.4 -16.3 +16.7
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Table 2. (contitluccl)

StatioIl North I-Jp

J1’I,hl 3.8 & 2.6 –1.7 +4.2 --10. S+ 14.2

I,NCII 1.8 +4.4 1.8 :+4.7 –3$).1 +2s.6

SAP’]; - - 3 5 . , 5  +2.8 –8.3 +4.2 –39.7+14.{)



1:1

Moclcl  I)cpth

kln

Velocity p }1 o !5 krll

111/S ktn/m3 clyIlc  . CII1 at’crage

A’ 1.0

1..5

2.0

3.0

4.0

5.0

6.0

1.0

1.5

2.0

3.0

4.0

5.0

6.0

IIa

324~.0

3~4~.4

3250.7

3259.3

3267.8

3295.3

3399.3

307:3.3

2316.1

p793.~

2869.4

3046.2

3203.1

3344.8

2669.0

2670.3

2671.6

2674.2

2676.7

2685.0

27]~.2

2618.3

2419.1

2534.3

2557.1

261O.2

2657.3

2699.8

~.~ x ]011 ~.~  x ]011

2.8 x ]()]1

2.8 x 1011

2.8 x 10”

2.9 X 1011

2.9 x 1011

3.1 x 1011

2 . 5  x IO]] 2.z x 1011

1.3 X10’1

2.0 x 10]1

2.1 x 10’1

2.4 X 10**

2.7 X 1011

3.OX  101’
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Table 3. (cotltirlucxl)
.. —_ —__

Nlc)dcl l)cpth Velocity p }1 o-5 km

km m / s lim/1113 dyIlc . CII1 average
_ _ _ _ _ _ — -— —

CL 0.5

2.5

5.0

10.0

15.0

1)= 1.5

5.0

7.5

10.0

1)” 1.0

2.0

3.0

4.0

5.0

10.0

— -—_.

1000.0

~goo.o

3100.0

5450.0

6000.0

3100.0

4900.0

5450.0

6000.0

4000.0

4500.0

5000.0

5250.0

5500.0

6000.0

~(j50.o

2650.0

2650.0

2650.0

2650.0

2650.0

2650.0

2650.0

2650.0

2~50.0

2~50.  o

2650.0

~(j50.o

2650.0

~fj5Q.Q

2 . 7 x 1 01 0  1 . 7 x  101]

~.~ x ]oll

2.5 X 101]

2.9 X 1011

3 <6 x 1011

8..5 xlo10  1.5X 10’1

2.1 X1O1”

2.6 XIO”

3.2 X 10]]

1.4 XI O]] 2.1 XIO]l

1.8 XI011

2.2 X1011

2.4 XI O]’

2.7 X 1011

3.2x 10**
)

ahlodcl A and 11 fro[tl fllc~gistr~~lc[~vritteil  co[t~l[~(lllicatiol\] f o r

tllc seisluic and .geodctic  locatioll of the aftershock res~)cctively.

I’clocities io [nodels  A-C arc S ~vavevclocities.

“1’’rom  [ 1 / ( m e e t  (11., 199~]. I)e~lsity  Qsti*~latQs  arc ass~l~~l~{l  f*r

11)0( 1(’1s (:- 1’:.

C1’rOlll  [)’~l~ol,  1996].  Vclocitiw arc 1’ wave v e l o c i t i e s .
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“l’rol[l  [}fatfkssol~ a71d llaasc,  1 !)97]. Velocities are 1’ w a v e

velocities.
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